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bstract
Micro-encapsulation of shrimp oil using the mixture of whey protein concentrate (WPC) and sodium caseinate (SC) (1:1, w/w) as a wall material
as carried out. The impact of core/wall material ratios (1:2 and 1:4, w/w) and homogenizing pressures (13.79 and 27.58 MPa) on characteristics
nd stability of emulsion was investigated. The size of emulsion oil droplets decreased with increasing homogenizing pressure (P < 0.05) but was
ot influenced by core/wall material ratio (P  > 0.05). During the extended storage, particle size, flocculation factor (Ff) and coalescence index (Ci)
f all emulsions sharply increased, especially in emulsions prepared at 13.79 MPa with a core/wall material ratio of 1:2 (P  < 0.05). After spray
rying, micro-encapsulated shrimp oil (MSO) prepared at 13.79 MPa with a core/wall material ratio of 1:2 had the larger size than others (P  < 0.05).
SO prepared using a core/wall material ratio of 1:4 with homogenizing pressure of 27.58 MPa exhibited higher encapsulation efficiency (EE)
51.3%–52.8%) than others. Thus, both core/wall material ratio and homogenizing pressure directly affected micro-encapsulation of shrimp oil.
 2014 Beijing Academy of Food Sciences. Production and hosting by Elsevier B.V. All rights reserved.
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.  Introduction
Hepatopancreas, a byproduct generated from the manufactur-
ng of hepatopancreas-free whole shrimp, has been reported to
ontain high content of n-3 PUFA and astaxanthin [1]. However,
-3 PUFA are easily oxidized due to their high degree of unsa-
uration. As a consequence, off-flavour compounds [2] as well
s toxic products [3] are formed. To lower such a deterioration,
ncapsulation can be as a key technology in delaying or inhibi-
ing oxidation and masking undesirable odours and flavours in
he final product [4]. Furthermore, the process converts the oil
nto a free flowing powder, which can be easily handled and used
or nutraceuticals and/or food fortification. Micro-encapsulation
an be defined as a process, in which tiny droplets, namely core,
re surrounded by a coating of micro-encapsulating agent. This∗ Corresponding author at: Department of Food Technology, Faculty of Agro-
ndustry, Prince of Songkla University, Hat Yai, Songkhla 90112, Thailand.
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213-4530/© 2014 Beijing Academy of Food Sciences. Production and hosting by Eoating wall can be made of a variety of food grade materi-
ls and can protect the entrapped core by providing a physical
arrier against environmental conditions [5]. Protein is widely
sed in the preparation of emulsion and serves as coating wall
aterial during micro-encapsulation process. In recent years, the
nterest in milk proteins as encapsulating agents has increased
nd the concept of using milk products as wall materials has
een established [6]. The wall material must have emulsify-
ng properties and be capable of dehydration. The milk protein
roducts including sodium caseinate and whey protein concen-
rate have excellent emulsifying and dehydration properties [7].
hey protein and sodium caseinate act as the emulsifier, which
an stabilize the emulsion before drying [8].
Additionally, emulsification is one of the critical steps in
icro-encapsulation of oils by spray-drying, as the emulsion
tability and droplet size play a key role in the encapsula-
ion efficiency during and after the process [9]. To ensure the
niform distribution of oil droplet, homogenization with suf-
cient pressure for emulsification has been widely used in
mulsion preparation and encapsulation in the food industry
10,11]. The advantage of high pressure homogenization over
ther technologies is that strong shear and cavitation forces
lsevier B.V. All rights reserved.
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fficiently decrease the diameter of the original droplets [12].
igh pressure homogenization induces significant changes in
he interfacial protein layer because of the considerable increase
n interaction between adsorbed proteins at the interface of the
mulsion [13]. Several factors such as process conditions, pro-
ein concentration and oil volume fraction have been reported to
ffect the properties of emulsion [14]. Spray-drying is the most
ommon micro-encapsulation technology used in food industry
ue to its low cost and available equipment [15]. The process
nvolves the atomization of emulsions into a drying medium
t a high temperature, resulting in very fast water evaporation.
he micro-encapsulated oil was reported to have higher oxi-
ation stability during the extended storage [16]. Although the
icro-encapsulation of several oils or lipids has been reported,
o information regarding the micro-encapsulation of shrimp oil
as been reported. Due to the differences in composition of oils
rom different sources, emulsification conditions prior to spray
rying can be varied and determine the characteristics of the
btained powder. Thus, this study aimed to investigate the impact
f homogenization at varying pressure levels and the ratio of
ore/wall material on characteristics of encapsulated shrimp oil.
.  Materials  and  methods
.1.  Chemicals
Sodium azide (NaN3) was purchased from Fluka Chemi-
al (Buchs, Switzerland). Sodium dodecyl sulphate (SDS) and
odium caseinate were procured from Sigma Chemical Co. (St.
ouis, MO, USA). Whey protein concentrate was obtained from
.P.S. International Co., Ltd. (Bangkok, Thailand).
.2.  Collection  of  hepatopancreas  from  Paciﬁc  white
hrimp
Hepatopancreas of Pacific white shrimp (Litopenaeus  van-
amei) with the size of 50–60 shrimps/kg was obtained from the
ea wealth frozen food Co., Ltd., Songkhla province, Thailand
uring July and August 2013. Pooled hepatopancreas (3–5 kg)
as placed in a polyethylene bag. The bag was imbedded in a
olystyrene box containing ice with a sample/ice ratio of 1:2
w/w) and transported to the Department of Food Technology,
rince of Songkla University, Hat Yai, Songkhla within approx-
mately 2 h. The sample was stored at −18 ◦C until use, but the
torage time was not longer than 1 month. Prior to oil extrac-
ion, hepatopancreas was thawed using running water (25 ◦C)
nd ground in the presence of liquid nitrogen using a blender
Phillips, Guangzhou, China) for 30 s.
.3.  Extraction  of  oils  from  hepatopancreas
Oil was extracted from hepatopancreas following the method
f Sachindra et al. [17] with some modifications. The prepared
epatopancreas (20 g) was homogenized with 90 mL of cold
olvent mixtures (isopropanal:hexane, 50:50, v/v (4 ◦C)) at the
peed of 9500 rpm using an IKA Labortechnik homogenizer
Model T25 basic, Selangor, Malaysia) for 2 min at 4 ◦C. The
w
o
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xtract was filtered using a Whatman filter paper No. 4 (What-
an International Ltd., Maidstone, England). The residue was
xtracted with cold solvent mixtures for another two times. The
exane fractions were pooled and repeatedly washed with an
qual quantity of 1% NaCl in order to separate the phases and
emove traces of polar solvents. Hexane fraction was then added
ith 2–5 g of anhydrous sodium sulphate, shaken very well,
nd decanted into a round-bottom flask through a Whatman No.
 filter paper. The solvent was evaporated at 40 ◦C using an
YELA rotary evaporator N-1000 (Tokyo Rikakikai, Co. Ltd,
okyo, Japan) and the residual solvent was removed by nitrogen
ushing. The obtained oil was used for micro-encapsulation.
.4.  Characteristics  of  shrimp  oil-in-water  emulsion  as
ffected by  core/wall  material  ratio  and  homogenizing
ressure
.4.1.  Preparation  of  shrimp  oil-in-water  emulsion
Aqueous stock solution (20%, w/w) of whey protein con-
entrate and sodium caseinate (1:1, w/w) in deionized water
ontaining 0.03% (w/w) sodium azide was prepared, and
tirred overnight using a magnetic stirrer at room temperature
28–30 ◦C). The solution obtained was used as ‘wall material’.
hrimp oil was added into the solution at different ratios (1:2
nd 1:4, core/wall material). The mixtures were homogenized
t a speed of 10,000 rpm for 3 min using a homogenizer (Model
25 basic, IKA Labortechnik, Selangor, Malaysia). The coarse
mulsions were then passed through a Microfluidics homoge-
izer (Model HC-5000, Microfluidizer, Newton, MA, USA) at
ifferent pressure levels (13.79 and 27.58 MPa) for four passes.
he emulsions were stored at room temperature and taken for
nalyses at day 0, 1, 7 and 14 as follows:
.4.1.1. Droplet  size.  Droplet size distribution of emulsions
as determined using a ZetaPlus zeta potential analyzer
Brookhaven Instruments Corporation, Holtsville, NY, USA).
rior to analysis, emulsion was diluted with 1% (w/v) sodium
odecyl sulphate (SDS) solution in order to dissociate floc-
ulated droplets. The surface-weighted mean (d32) and the
olume-weighted mean particle diameter (d43) of the emulsion
roplets were measured as described by Palazolo et al. [18].
.4.1.2. Flocculation  and  coalescence.  To determine floccula-
ion factor (Ff) and coalescence index (Ci), the emulsions were
iluted with distilled water in the presence and absence of 1%
w/v) SDS. Ff and Ci were calculated using the following equa-
ions:
f = d43−SDS
d43+SDS
i = d43+SDS,t −  d43+SDS,in ×  100
d43+SDS,inhere d43+SDS and d43−SDS are the volume weight distribution
f the emulsion droplets in the presence and absence of 1% SDS,
espectively. d43+SDS,in is the initial volume weight distribution
f the emulsion droplets in the presence of 1% SDS; d43+SDS,t
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s the volume weight distribution of the emulsion droplets in the
resence of 1% SDS at the designated storage time.
.4.1.3. ζ-Potential.  The electrical charge (ζ-potential) of oil
roplets in the emulsions was determined using a ZetaPlus zeta
otential analyzer (Model ZetaPALS, Brookhaven Instruments,
o., Holtsville, NY, USA) at room temperature. The shrimp
il-in-water emulsions were diluted 250-fold prior to measure-
ents. The diluted emulsions were mixed thoroughly and then
njected into the measurement chamber of the instrument. The
-potential of each individual sample was calculated from the
verage of five measurements on the diluted emulsion.
.4.2. Preparation  of  micro-encapsulated  oil
Emulsions were subjected to drying using a laboratory scale
pray-dryer (LabPlant Ltd., LabPlant SD-05, Huddersfield, UK)
ith a 1.5 mm diameter nozzle. The emulsion was fed into the
ain chamber through a peristaltic pump. Feed flow rate was
.08 mL/min; drying air flow rate was 4.3 m/s and compressor air
ressure was 0.28 MPa. Air inlet temperature was 180 ±  2 ◦C.
he outlet temperature was controlled at 90 ±  2 ◦C. Moisture
ontents of all samples were in the range of 2.92%–3.28%. The
btained powder was determined as follows:
.4.2.1.  Encapsulation  efﬁciency  (EE).  The surface oil was
easured by adding 15 mL of hexane to 2 g of powder and shak-
ng with a vortex mixer (G-560E, Vortex-Genie 2, Scientific
ndustries, Inc., Bohemia, NY) for 2 min at room tempera-
ure. The solvent mixture was then filtered through a Whatman
o. 1 filter paper and the collected powder on the filter paper
as rinsed three times with 20 mL of hexane [19]. The filtrate
olution containing the extracted oil was transferred to a clean
ask, which was left to evaporate and then was dried at 60 ◦C
ntil constant weight was obtained. The surface oil (SO) content
as calculated based on the extracted oil [20].
The total oil was determined using the method described by
hahidi and Wanasundara [21]. 5 g of powder was dissolved in
5 mL of a 0.88% (w/v) KCl solution. Then 50 mL of chloro-
orm and 25 mL of methanol were added. The mixture was then
omogenized using a high-speed mixer (Model T25 basic, IKA
abortechnik, Selangor, Malaysia) for 5 min at 9500 rpm. The
ixture was transferred to a separation funnel; the chloroform
ayer was separated and then evaporated using a rotary evapo-
ator at 60 ◦C to recover the oil. Total oil (TO) content was then
alculated.
EE was calculated as follows:
E =
(
TO −  SO
TO
)
×  100
here TO is the total oil content and SO is the surface oil content.
.4.2.2. Powder  size.  Powder size distribution was measured
sing a laser light diffraction instrument (Laser Scattering Spec-
rometer Mastersizer model MAM 5005, Malvern Instruments
td., Worcestershire, United Kingdom). The powder sample was
ispersed in 99.5% ethanol and the particle distribution was
onitored during five successive readings. The particle size was
b
w
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xpressed as the volume-weighted mean particle diameter (d43),
hich is the mean diameter of a sphere with the same volume,
nd is generally used to characterize a particle [22].
.4.2.3. Powder  morphology.  Powder morphology was evalu-
ted by a scanning electron microscopy (SEM). Powder was
ounted on a bronze stub and sputter-coated with gold (Sput-
er coater SPI-Module, West Chester, PA, USA). The specimen
as observed using a scanning electron microscope (Quanta
00, FEI, Eindhoven, Netherlands) at an acceleration voltage of
5 kV with magnifications of 3000×.
.5.  Statistical  analysis
All experiments were run in triplicate. All analyses were con-
ucted in five replications. Statistical analysis was performed
sing one-way analysis of variance (ANOVA). Mean compari-
on was carried out using Duncan’s multiple range test. For pair
omparison, T-test was used [23].
.  Results  and  discussion
.1.  Characteristics  of  shrimp  oil-in-water  emulsion
.1.1.  Emulsion  droplet  size.
Particle size of shrimp oil droplet in emulsions containing
hey protein concentrate and sodium caseinate (1:1, w/w) pre-
ared with different ratios of core/wall material (1:2 and 1:4) and
omogenizing pressure levels (13.79 and 27.58 MPa) expressed
s the surface-weighted mean (d32) and the volume-weighted
ean particle diameter (d43) was monitored during 14 days of
torage at room temperature (Table 1). The d32 is directly related
o specific surface area. The smaller d32 contributes to the higher
pecific surface area, which offers the increase in protein loads
or adsorbing at interface of emulsions [24]. d43 can be used
s the index of coalescence and flocculation. The increase in
43 reflects the association of individual droplets into larger
ocs [24]. The d32 is more influenced by the small particles,
hereas d43 is highly influenced by larger ones [25]. The emul-
ion made with core/wall material ratio of 1:2 and 1:4 with the
ame homogenizing pressure had no differences in the d32 and
43 of emulsions at 0 day of storage. During the storage, the
ncreases in d32 and d43 were noticeable in all samples up to
ay 14 (P  < 0.05), suggesting the aggregation of droplets. Dur-
ng the storage time, the core/wall material ratio of 1:4 could
etard the increase in particle size in emulsion more effectively
han that of 1:2, regardless of homogenizing pressure used. The
esult suggested that the high amount of wall material must be
ufficient so that oil droplets are surrounded by thick and strong
lm during emulsification.
With the same ratio of core/wall material, the decrease in both
32 and d43 of droplets was obtained when homogenizing pres-
ure increased (P  < 0.05). This decrease in oil droplet size might
e related to the greater turbulence and shear forces associated
ith increased homogenizing pressure applied [26]. Homog-
nization includes two steps: firstly high shear stress leads
o droplet deformation which increases their specific surface
178 S. Takeungwongtrakul et al. / Food Science and Human Wellness 3 (2014) 175–182
Table 1
Particle size of droplets in shrimp oil emulsions containing whey protein and sodium caseinate with different core/wall material ratios and homogenizing pressures
during the storage.
Core/wall material ratio (w/w) Pressure used (MPa) Storage time (day) d32 (nm) d43 (nm)
1:2 13.79 0 169.12 ± 0.51Ad 188.64 ± 1.02Ad
1 171.64 ± 0.32Ac 192.86 ± 0.22Ac
7 239.02 ± 1.18Ab 269.47 ± 1.37Ab
14 334.00 ± 2.42Aa 377.84 ± 2.12Aa
27.58 0 167.73 ± 0.54Bd 186.00 ± 0.57Bd
1 171.84 ± 0.70Ac 191.76 ± 0.34Bc
7 222.29 ± 0.62Bb 247.81 ± 1.24Bb
14 293.42 ± 2.24Ba 328.26 ± 2.63Ba
1:4 13.79 0 168.20 ± 0.57Ac 188.54 ± 1.45Ad
1 170.16 ± 2.55Ac 190.49 ± 0.37Ac
7 198.61 ± 0.56Ab 223.06 ± 0.87Ab
14 262.54 ± 1.43Aa 295.85 ± 1.76Aa
27.58 0 167.09 ± 0.34Bd 185.19 ± 1.34Bd
1 170.73 ± 1.54Ac 189.76 ± 0.25Bc
7 193.48 ± 1.24Bb 216.75 ± 1.11Bb
14 244.35 ± 2.45Ba 273.57 ± 2.68Ba
Data are expressed as mean ± SD (n = 5).
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rowercase letters in the same column within the same pressure and core/wall m
ppercase letters in the same column within the same storage time and core/wa
rea up to disruption. Then the new interface is stabilized by
mulsifiers [27]. This process causes the modification of protein
onformation, particularly globular protein. Those proteins or
eptides with more exposed hydrophobic domains likely adsorbs
t increasing droplet interface more effectively. Adsorption of
odium caseinate and whey protein concentrate surrounding
nterfacial oil droplet provided steric hindrance [28]. The reduc-
ion of emulsion droplets size, which generally represents an
ncreased stability, results in greater retention of core material
29,30]. Emulsion droplet size has a pronounced effect on the
ncapsulation efficiency of core materials during spray drying
31]. The micro-encapsulation of emulsion with small droplet
ize confers the advantages in terms of emulsion stability, reten-
ion of oil in the dried powder and less extractable surface oil
32]. During the storage, d32 and d43 of emulsion prepared using
igher pressure (27.58 MPa) had the slower rate of increase in
ize, compared with emulsion prepared using the lower pres-
ure (13.79 MPa). The results indicated that emulsion prepared
ith higher homogenizing pressure was more stable during the
xtended storage time.
.1.2.  Flocculation  and  coalescence
Flocculation factor (Ff) and coalescence index (Ci) of shrimp
il-in-water emulsion prepared under different conditions dur-
ng 14 days of storage at room temperature are shown in Table 2.
uring storage, all emulsion samples had the increase in Ff, how-
ver the rate of change varied. Similar results were found for
i. Emulsion underwent flocculation when the repulsive forces
etween the drops were not too strong and if adhesion ener-
ies were large enough, the adhesion could be promoted [33].
oalescence occurs when two or more oil droplets approach
ogether and join together to form a larger one after the interfa-
ial membrane is ruptured. The process is irreversible and results
n the instability of emulsion [34]. With the same homogenizing
t
d
c
pl ratio indicate significant difference (P < 0.05).
terial ratio indicate significant difference (P < 0.05).
ressure, the emulsion with core/wall material ratio of 1:2 and
:4 had the similar Ff and Ci at day 0 and 1 of storage (P  > 0.05).
fter the first day of storage, Ff and Ci increased (P  < 0.05),
specially for emulsion with the core/wall material ratio of 1:2.
he result indicated that the amount of wall material must be
nough to stabilize the oil droplets in emulsion.
When comparing Ff and Ci of emulsion with the same
ore/wall material ratio subjected to different homogenizing
ressures, no differences in Ff and Ci were found in emulsion
sing 13.79 and 27.58 MPa at 0 and 1 day of storage (P  > 0.05).
ith the increasing storage time, Ff and Ci increased (P  < 0.05).
uch changes were more pronounced in emulsion with homog-
nizing pressure of 13.79 MPa and the core/wall material ratio
f 1:2. The result was related well with droplet size of emul-
ion (Table 1), showing the highest change in d32 and d43 in
mulsion with homogenizing pressure of 13.79 MPa with the
:2 of core/wall material ratio during the storage. Based on Ff
nd Ci, emulsion with the highest stability could be prepared
hen homogenizing pressure was 27.58 MPa and the core/wall
aterial ratio was 1:4.
.1.3.  ζ-Potential
ζ-Potential of shrimp oil-in-water emulsions as affected by
ore/wall material ratio and homogenizing pressures is shown
n Table 2. Zeta-potential is the potential difference between the
ispersion medium and the stationary layer of fluid attached to
he dispersed droplet. This value can be related to the stability
f emulsion [14]. All emulsion samples had ζ-potential values
igher than −45 mV at 0 day of storage. Negatively charged
esidues on oil droplet governed by wall material surrounding
he shrimp oil droplets mostly contributed to repulsion between
roplets, thereby lowering coalescence. At day 0 and 1, no
hange in ζ-potential was observed (P  > 0.05). Subsequently, ζ-
otential of all samples decreased, especially emulsions with the
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Table 2
Flocculation, coalescence and ζ-potential of droplets in shrimp oil emulsions containing whey protein and sodium caseinate with different core/wall material ratios
and homogenizing pressures during the storage.
Core/wall material ratio (w/w) Pressure used (MPa) Storage time (day) Flocculation factor (Ff) Coalescence index (Ci) ζ-Potential (mV)
1:2 13.79 0 0.98 ± 0.05Ac – −46.76 ± 0.75Ac
1 1.00 ± 0.04Ac 2.24 ± 0.31Ac −46.71 ± 1.21Ac
7 1.37 ± 0.02Ab 42.85 ± 2.42Ab −37.64 ± 2.11Ab
14 1.93 ± 0.10Aa 100.30 ± 3.46Aa −31.26 ± 1.07Aa
27.58 0 0.84 ± 0.10Ac – −46.84 ± 1.14Ac
1 0.87 ± 0.09Ac 2.89 ± 0.31Ac −46.56 ± 0.73Ac
7 1.07 ± 0.02Bb 33.23 ± 2.42Bb −37.15 ± 0.54Ab
14 1.45 ± 0.10Ba 76.49 ± 3.46Ba −31.01 ± 0.89Aa
1:4 13.79 0 0.96 ± 0.05Ac – −46.67 ± 0.69Ac
1 0.97 ± 0.05Ac 2.03 ± 0.71Ac −46.27 ± 0.93Ac
7 1.11 ± 0.03Ab 18.30 ± 2.52Ab −44.66 ± 0.85Ab
14 1.45 ± 0.03Aa 56.90 ± 3.23Aa −38.15 ± 0.61Aa
27.58 0 0.92 ± 0.06Ab – −47.83 ± 1.78Ac
1 0.92 ± 0.02Ab 2.47 ± 0.64Ac −46.32 ± 1.00Ac
7 0.94 ± 0.04Bb 17.04 ± 1.55Ab −43.41 ± 1.19Ab
14 1.15 ± 0.02Ba 47.72 ± 2.21Ba −37.94 ± 1.32Aa
Data are expressed as mean ± SD (n = 5).
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result indicated that the emulsification condition (core/wallowercase letters in the same column within the same pressure and core/wall m
ppercase letters in the same column within the same storage time and core/wa
ore/wall material ratio of 1:2. The layers of protein surrounding
roplets might undergo aggregation via ionic interaction during
he extended storage as indicated by the change in zeta potential.
he insufficient electrostatic repulsion might lead to the devel-
pment of flocculation and coalescence. Emulsions exhibiting
bsolute ζ-potential higher than +30 mV or lower than −30 mV
end to be electrostatically stable, whilst emulsions within the
ange of −30 to 30 mV tend to coagulate or flocculate [35].
mulsion with core/wall material ratio of 1:2 had low abso-
ute ζ-potential value, regardless of homogenizing pressure. As
 result, there was no enough force to prevent the molecules
o align together. During the storage, change in ζ-potential of
mulsion with the core/wall material ratio of 1:2 was higher
han that of 1:4 for both homogenizing pressure levels used.
he results suggested that the core/wall material ratio of 1:4
ielded the emulsion with higher stability. In general, high value
f ζ-potential means better stability because of the mutual repul-
ion between the electrical double layers of macromolecules
36]. When comparing ζ-potential of all samples with both
omogenizing pressure levels, no differences in ζ-potential were
bserved at both core/wall material ratios (P  > 0.05). Particle size
f the resulting emulsions and emulsion stability were governed
y zeta potential surrounding droplets, which was more likely
ssociated with the charge of protein films at interface.
.2.  Characteristics  of  micro-encapsulated  shrimp  oil
Emulsions with different processing conditions were sub-
ected to spray drying. The powder containing oil as the core
as characterized..2.1.  Encapsulation  efﬁciency  (EE)
EE of micro-encapsulated shrimp oil prepared using the dif-
erent core/wall material ratios and homogenizing pressures is
m
i
pl ratio indicate significant difference (P < 0.05).
terial ratio indicate significant difference (P < 0.05).
hown in Table 3. EE reflects the degree of protection afforded
y the wall material to oil droplets [26]. EE varied from a mini-
um value of 14.65% to a maximum value of 52.05%. EE values
rom 0% to 95% were reported [37–40]. This was dependent on
he type and composition of wall material, the ratio of core/wall
aterial, the drying process used, and the stability and physico-
hemical properties of the emulsions. The highest EE was found
n the sample prepared from emulsion with core/wall material
atio of 1:4 and homogenizing pressure of 27.58 MPa. The sur-
ace oil was lower with coincidental increase in EE in sample
repared from emulsion with core/wall material ratio of 1:4 than
hose of 1:2. This result was in agreement with Rodea-González
t al. [9] who reported that EE was increased and surface oil
ecreased when core/wall material increased from 1:2 to 1:3.
he core material is embedded as micro-particles within the
all material. As the ratio of core/wall material is increased,
he ability of the wall material to retain and protect the core
aterial is increased [41], resulting in a lower surface oil and
igher EE. The surface oil represents non-encapsulated oil and
as been used as an important parameter determining the qual-
ty of encapsulated products. Non-encapsulated oil is prone to
xidation, thus leading to the development of off-flavour and
ower acceptability of the product [42]. Furthermore, the sur-
ace oil increases the wettability but lowers dispersibility of the
owders [43].
The powder made from the emulsion having a core/wall mate-
ial 13.79 and 27.58 MPa showed the similar surface oil and
E (P  > 0.05). For the powder prepared from emulsion with
ore/wall material ratio of 1:4, the lower surface oil and higher
E was noticeable when homogenizing pressure of 27.58 MPa
as implemented, compared with those of 13.79 MPa. Thisaterial ratio and homogenizing pressure) had the marked
nfluence on encapsulation as well as the characteristic of
owder.
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nd Jafari et al. [29] reported that particle size had no impact on
etention of some volatile and oil, as solid in emulsion, was suf-
ciently high. When comparing the size of shrimp oil emulsions
nd powder, an increase in powder particle size was observed
fter spray drying process. The increased powder size partly
rose from coalescence of oil droplet in emulsion during the
pray drying process [45]. Additionally, the wall generated also
ontributed to the increased diameter. The diameter of micro-
apsules depends on homogenization parameters, the materials
sed and conditions of the spray drying process [46]..2.3. Powder  morphology
SEM microphotographs of the powders produced from
mulsion with the different core/wall material ratios and
ted shrimp oil powders prepared from emulsions containing whey protein and
.
d4,3 (m) Surface oil (w/w%) Encapsulation efficiency (%)
aA 23.86 ± 0.47aA 14.65 ± 1.38aB
bA 23.51 ± 1.53aA 14.96 ± 0.39aB
aB 12.42 ± 0.28aB 31.50 ± 1.81bA
aA 9.01 ± 1.23bB 52.05 ± 0.71aA
te significant difference (P < 0.05).
fference (P < 0.05).
nce a
h
e
e
e
p
d
c
c
l
o
a
a
e
c
a
[
o
t
a
i
d
v
i
c
4
w
C
h
H
s
o
d
m
e
c
t
w
s
c
s
f
A
P
T
T
U
R
[
[
[
[
[
[
[
[
[
[
[
[
[
[S. Takeungwongtrakul et al. / Food Scie
omogenizing pressures are shown in Fig. 1. All powders
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.  Conclusion
Shrimp oil was encapsulated from emulsion stabilized by
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